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FOREWORD

The FD-3 tests were conducted under NASA Apollo
. contract NAS9-150 26 to 30 November 1962 and 4 and 5
January 1963 in the AEDC VKF Tunnel A and 11 and 12
December 1962 in Tunnel C.

This report was prepared by C. E. Mitchell and
C. L. Berthold of the Wind Tunnel Projects Group,
Los Angeles Division of North American Aviation,
Incorporated.
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ABSTRACT

Dynamic stability data are presented in both
plotted and tabular form for wind tunnel tests of 0. 059-
and 0. 045- scale Apollo models (FD-3) of the launch
escape vehicle (T.EV) and the command module (C/M)
entry configuration. The majority of data were
obtained at proposed flight attitudes with the oscil-
lation center on the vehicle design center of gravity
at Mach numbers 1.5 to 6. 0 for the LEV model (flow
separator on and off) and 2.5 to 10.0 for the C/M
entry configuration. Additional data are presented
for the LEV model at several Mach numbers with the
oscillation center on the model axis of symmetry and
for the C/M model at angles of attack from -15
degrees to +50 degrees at Mach number 10.

Tunnel operating conditions, configuration descrip-
tion, computation equations, and typical model and
installation photographs are also included.
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I. INTRODUCTION

Dynamic stability tests were conducted on the Apollo FD-3 models
in the AEDC VKF Tunnels A and C. This investigation was made to
determine dynamic stability characteristics of the launch escape vehicle
with flow separator disc on and off and of the command module entry
configuration in the supersonic speed range.

The LEV configurations were tested at Mach numbers 1.50, 2. 00,

3.00, 4.01, and 5. 98 in the angle-of-attack range from -5 to +15 degrees
with the oscillation center on the design center of gravity., These configu-
rations were also tested at Mach numbers 2.00 and 5. 99 in the angle-of-
attack range from -4 to +10 degrees with the oscillation center on the
model axis of symmetry. The C/M configuration was tested at Mach
numbers 2.49, 3.00, 4.01, 5.99, and 10.18 in the angle-of-attack range
from -15 to +!64 degrees with the oscillation center on the design center
of gravity. Reynolds nymbers, based on maximum model diameter, were

in the order of 1.0 x 10° to 6.0 x 10°,

All derivatives were measured, for oscillations in the pitch plane
only, with the AEDC flexure-mounted, amplitude-stabilized, forced-
oscillation balance system having a maximum amplitude of 3.0 degrees
about the oscillation center.

This report presents basic wind tunnel data in order to make the
test results available at the earliest possible date. Analysis of results
will be reported later under separate cover.
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Il. DISCUSSION

The two objectives of this test were to obtain dynamic stability data
on C/M and LEV configurations with the balance oscillation center on the
design center of gravity of the full-scale vehicle and to determine the
effects of a flow separator disc at the base of the escape rocket.

Several techniques are currently available for measuring dynamic
stability derivatives of models in wind tunnels. This test was conducted
using AEDC's small amplitude forced oscillation balance. This balance
incorporates a cross-flexure pivot and an electromagnetic shaker motor
which forces the model to oscillate in a single degree of freedom while
measurements are made of the angular displacement and the input torque
to the system. A more complete and detailed description of this system
may be found in Reference 1.

Due to physical limitations involved in lo ig the balance s0 that the
balance oscillation center coincides with the LEV, the apex of the C/M was
‘ modified within the confines of the tower legs (Figure 8). In a previous test,
the above apex alteration was simulated and indicated negligible aerodynamic
effects at these small angles of attack. The LEV configuration was also
tested with an oscillation center on the model axis of symmetry to simulate
a yaw oscillation condition. It was impossible to obtain usable high Reynolds
number data on the LEV with the flow separator disc on, at several Mach
numbers, due to an apparent unstable condition which exceeded the load
capabilities of the balance. Some data were re-run through a limited angle

range at low Reynolds numbers. (See data plots. )

Six C/M models were constructed for this test so that an angle of
attack range of -10 to +190 degrees could be obtained. Due to unforeseen
difficulties, however, tunnel test time did not permit testing of all models.
Data were obtained only at angles of attack from 130 to 150 degrees for
Mach numbers 2. 49, 3.00, and 4.01; 130 to 164 degrees for Mach number
5.99; and -15 to 50 degrees and 100 to 150 degrees for Mach number 10. 18.
At Mach number 5. 99, it was deemed advantageous to have data near
160 degrees angle of attack. Since there was no model constructed for this
range, the 170 to 190 degree model was rolled 180 degrees about the balance
axis, thus making it possible to test in the 160 to 180 degree model range.

~

The plotted and tabular data are ndix

pre » Appe es A and B in
. the form of damping-in-pitch coefficients (Cmg Cmy, ) for the C/M and
LEV configurations. The plotted data present these coefficients as a
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function of angle of attack and in one case as a function of Reynolds number.
The coefficients shown on the plots are average values taken from the
appropriate page or pages of tabulated data for the indicated condition.

Complete data were not obtained for all of the originally requested
conditions, due to the difficulty in obtaining data on some of the unstable

configurations and due to time lost while making repairs to damaged balance
drive flexures.
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I1f. MODEL DESCRIPTION

The FD-3 models consisted of six 0. 045-scale command modules and
one 0.059-scale module with attached launch escape system. The six com-
mand modules had identical external contours, but each had a different
angle between the model axis of symmetry and centerline of balance (-5,
35, 75, 115, 135, and 175 degrees) so that an angle-of-attack range of
-10 to 190 degrees could be obtained. Each module was constructed so
that the oscillation center of balance was on the design center of gravity of
the full-scale vehicle.

The apex of the command module for the LEV configuration was
modified within the confines of the tower legs to allow the oscillation center
of the balance to be correctly positioned on the design center of gravity of
the full-scale vehicle. This configuration had a 10-degree balance axis to
model axis angle and was capable of being rolled 180 degrees about the
balance centerline so thai angles of attack from -15 to +25 degrees could
be obtained (Figure 9). The model was constructed so that two oscillation

‘ centers could be used; one on the model axis of symmetry and the other on
the design center of gravity. A removable flow separator disc and fairing
allowed disc on and off testing.

All models were constructed of Armco 17-4 PH CRES steel. Their
structural integrity is investigated in Reference 5.

-5 SO
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The model nomenclature used during these tests is presented in the
following tabulation.

MODEL NOMENCLATURE

Symbol Description Drawing No. Figure
E55 Escape motor 7121-01075 5
-21, -10, -19
E56 Escape motor, flared skirt 7121-01075 5
with 65-inch diameter flow -25, -23, -10, -19

separator disc and fairing
from disc to skirt

T23 Tower structure 7121-01075 6
-9
CZ Command module 7121-01074 7
7121-01095
Cs3 Command module, apex 7121-01075 8
altered to correctly position -2, -3, -6, -7
balance

FULL-SCALE DIMENSIONS

Full-scale dimensions of the components represented in the tests are
given in the following listing.

Escape Motor, E55

Total length 279. 64 in.

Length of jettison motor 48. 00 in.

Diameter 26,00 in.

Nose radius 2.00 in.

Nose included angle 30. 00 deg

Skirt base diameter 52.73 in.

Skirt flare angle 35.00 deg

Diameter of ring forward of skirt 28, 89 in. ‘

- 6 -
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Escape Motor, E56

Same as E_., with flow separator disc located
18.0 in. from base of rocket motor and an
additional fairing extending from aft end of
disc to flared skirt,

Flow separator disc diameter 65. 00 in.
Flow separator disc thickness 1.25 in.
Fairing diameter 51.07 in.

Tower, T

23

Total length 114. 63 in,
Diameter of longitudinal members 3. 51 in.
(4 members)
Diameter of cross braces (8 braces) 2.51 in.
Diameter of diagonal braces (20 braces) 2.51 in.
Circular truss:

Diameter of material 2.51 in,

Diameter of circle 23.00 in.

. Distance between attach points at command

module:

Horizontal plane 50. 66 in,

Vertical plane 46, 85 in.
Distance between attach points at base of 36.07 in.

rocket

Command Module, C2

Maximum diameter 154. 0 in,
Radius of spherical blunt end 184. 8 in,
Corner radius 7.7 in.
Nose cone semi-angle 33.0 deg
Nose cone vertex radius 9.152 in,

Command Module, C3 3

Same as CZ except the vertex area within the
confines of the tower structure has been altered
to accommodate the AEDC balance.
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IV. TEST PROCEDURE

TEST NOMENCLATURE

The symbols used in these tests are defined as follows:

A Reference area (base area), ftz
C Pitching-moment coefficient, pitching moment/
m 2
Qoo Ad
Cmq + Cry e Damping-in-pitch parameter, per radian
(44
C/M Command module entry configuration
d Reference length (base diameter), ft
I Model moment of inertia about the pivot axis,
o slug-£t?
LEV Launch escape vehicle configuration
M, Free-stream Mach number
M, Angular restoring-moment parameter, ft-lb/rad
M0 Angular viscous-damping parameter, ft-lb-sec/rad
M' 2 Aerodynamic damping-moment parameter,
(6/w)
ft-1b/rad
M ’ M, M,
(6/0) = M(/0), " M(6/0),
q Angular velocity, rad/sec
Qe Free-stream dynamic pressure, 1b/ft?
Re Reynolds number based on model base diameter
‘ T Input torque, ft-1b

-9 - ORI
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Time, sec
Free-stream velocity, ft/sec

Angle of attack, rad or deg

SPACE and INFORMATION SYSTEMS DIVISION

Time rate of change of angle of attack, rad/sec

Angular displacement, rad or deg
Angular velocity, rad/sec
Angular acceleration, rad/sec?
Angular frequency, rad/sec

Reduced frequency parameter, rad

Maximum conditions
Vacuum conditions

Wind-on conditions

- 10 -
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MODEL INSTALLATION

The FD-3 models were installed in tunnels A and C on the AEDC
small-amplitude, forced-oscillation balance and special sting that contained
a shaker motor for actuating the model (AEDC No. 3301214), This sting
adapted to a horizontal angle-of-attack sector in the A tunnel and a vertical
model support strut in the C tunnel. Figure 9 is the installation drawing
and Figures 13 and 14 are photographs of installations typically employed
in both tunnels.

INSTRUMENTATION

The AEDC small-amplitude (3 degrees), forced-oscillation balance
was used to measure angular displacement of model and input torque to the
system as the model was forced to oscillate in a single degree of freedom.
This balance is sting-mounted and incorporates a cross-flexure pivot.

In operation, the cross flexure pivot is forced to oscillate through a
linkage by an electromagnetic shaker motor located in the aft portion of the

sting. The modcl angular displacement is measured with a strain-gage

bridge mounted on one of the cross flexures; the input torque to the system,
‘ supplied by the shaker motor, is measured with a strain-gage bridge

mounted on the torque member. The system is equipped with a feedback

control for testing dynamically stable and unstable configurations.
DATA REDUCTION AND CONSTANTS

All data were reduced by AEDC to damping-in-pitch coefficient form
as referred to the body system of axes originating at the oscillation center.
The following equations and methods were used as outlined in References
1 and 2:

The equation of motion of a forced oscillation, one-degree-of-freedom

system may be expressed as
16-M:6 -M,0 =T cos ot
0 0

The damping-in-pitch data were obtained at the undamped natural
frequency of the model balance system whereby the inertia term (I6) exactly
balances the restoring moment term (MO 0) in the above equation. Thus, the
forcing torque is precisely equal to the damping torque of the system for
constant amplitude motion. The method for computing the dimensionless

damping-in-pitch derivatives from the constant amplitude, forced-oscillation
. tests is indicated by the following expressions:

-1 — DN
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Mé @ =T cos wt (at the undamped natural
frequency of the system)
Mg 00w =T
M, . =T/0
(6/w)= /0o

M (§/@) = M(§/o), = M(§/w),

~ e 2

The expression for obtaining the aerodynamic damping parameter
M' ( é/w) is based on the premise that the structural damping of a flexure
pivot varies inversely with the frequency of oscillation (Reference 6).

The following were constants for the test:

C/M LEV
d= 0.577 ft 0. 757 ft
A= 0.261 ft2 0. 450 ft2

DATA ACCURACY

Bench calibrations of the balance were made before and after each
tunnel test period, and check calibrations were made before and after each
run to determine if any changes in calibration factors had occurred. In
addition, structural damping values were obtained at vacuum conditions
before tunnel tests were made to evaluate the still-air damping contribution.

Using known displacements and moments, transducer calibration
factors were obtained for the model displacement and input torque.
Resulting errors in either parameter were within 0. 75 percent and *1. 0
percent of the maximum values of the range in which each parameter was
calibrated for the C/M and LEV, respectively.

Considering the uncertainties in the system and the fact that the
aerodynamic damping parameter is determined as a function of the difference
in wind-on and vacuum conditions, the estimated maximum uncertainties in

Cmp t Cpy. are +0, 25 for the C/M and #0. 50 for the LEV.
q a

12 - ~OBMBBENTIAL
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Figure 11. Launch Escape Configuration Eg¢T23C33 (Disc On) .
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CONFBERTAL '

DATA FORMAT

Item or
Column Heading Definition
CMQ Damping in pitch parameter (Cmq + Cmo't)’ per radian
CMT Pitching moment due to angle of attack (8Cy,/9 @)
M Free-stream Mach number (Mw')
ow Model angular frequency (w), rad/sec
PO Stagnation pressure (py), psia
Q Free-stream dynamic pressure (q_), psfa
RE Unit Reynolds number (Re/ft), 1/ft
Re Reynolds number based on model base diameter
RFP Reduced frequency parameter ( ZmVj ), radian
TO Stagnation pressure (T,), °R
v Free-stream velocity (V_), ft/sec
0 Model oscillation amplitude, deg
a Model angle of attack, deg

Note: All other columns are used for periodic checks in the
computer program and should be disregarded.

DAMPING-IN-PITCH DATA SUMMARY

The five pages immediately following (Pages B-4 through B-8) present
a summary of the damping-in-pitch coefficients listed in order of run
number. This summary, from which the plotted data were obtained, presents
the average coefficient (Cp,  + Cm&) from the page or pages of tabulated data

for the indicated conditions.’
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SPACE and INFORMATION SYSTEMS DIVISION

NORTH AMERICAN AVIATION, INC.
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NORTH AMERICAN AVIATION, INC. @ SPACE and INFORMATION SYSTEMS DIVISION

CONFIBENTIAL,
4

Cmgq Run
a Voo q oo Mo | Re/ft f + Cm2 (/] wd/2v,, No.
(deg) | (ft/sec) (lb/ftz) X 1076 (cyc/sec) (1/rad) (deg) (rad)
0.0 14017 191. 9 1,49 0. 96 10, 82 +4, 408 +1,17 0. 01829 33
0.0 1407 191. 6 1,49 0. 96 10, 80 +4, 659 £1.17 0, 01826 33
0.0 1405 192. 8 1.49 0. 96 10, 80 +3. 883 £1,9 0.01828 33
0.0 1396 316. 4 1..49 1.61 11,10 +3. 336 +1.9 0.01837 33
0.0 1395 318.2 1,49 1,62 11.10 +3, 307 £1.9 0.01838 33
0..0 1395 317.9 1.49 1.62 11,10 +3. 568 +1.9 0.01838 33
0.0 1395 316.17 1,49 1.61 11,10 +3. 636 +1,9 0.01838 33
0.0 1430 434, 3 1. 49 2. 017 11. 40 +4, 243 +L 17 0. 01896 33
0.0 1434 745. 0 149 3. 54 12,170 +12, 030 +1. 17 0. 02106 33
0.0 1434 917. 0 .49 | 4,35 13,20 +8, 790 +1.7 0. 02189 33
' 0.0 { 1435 615. 0 1.49 | 2,91 12,20 +8. 780 +1.17 0. 02022 33
4.0 1704 159.5 1. 99 0.78 10. 56 +1. 251 +1.17 0.01474 31& 32
6.0 1705 160, 3 1.99 | 0.78 10, 45 -1, 169 +1L.17 0.01458 31 & 32
6.0 1705 161. 8 1,99 0,78 10. 30 -1. 022 +1.8 0. 01437 31& 32
8.0 1707 162, 7 1.99 | 0.78 10. 41 -2. 291 +1.9 0.01450 31& 32
8.0 1708 162.6 .99 | 0,78 10, 40 -2.451 +1, 9 0.01448 31 & 32
10,0 1708 161, 2 1,99 |0.78 10. 31 -3. 185 +1.17 0.01436 31& 32
10,0 1708 161, 5 1,99 | 0.78 10. 30 -2. 942 +1. 7 0. 01434 31& 32
-2,0 1709 160, 9 1,99 | 0.78 10,170 +3. 937 +1,8 0. 01489 31 & 32
-4, 0 1709 160. 1 .99 | 0.78 10,60 +1. 5623 +1. 7 0.01475 31& 32
0.0 2255 425, 9 4. 00 3.5 12, 30 +12, 5217 +1, 55 0. 01297 29
0.0 22517 424, 0 4. 00 3.5 12,20 +15, 362 +1,79 0. 01286 29
0.0 225617 424,2 4,00 3.9 12, 20 +15, 622 +1, 82 0. 0_1286 29
0.0 2259 423.2 4, 00 3.5 12,15 +117, 225 +1,93 0. 01279 29
0.0 2261 424, 8 4,00 | 35 12, 95 +18, 500 +0,688 0. 01362 29
0.0 2261 424, 17 4,00 3.5 12. 95 +18, 354 +0, 637 0. 01362 29
163 2261 425, 8 4,00 § 3.5 11,170 +3. 498 +1.01 0. 01231 29
Q 1.63 2261 425,17 4, 00 3.5 11,70 +3. 310 +0, 997 0, 01231 29
1.63 2263 425, 0 4, 00 3.5 11,90 -5. 906 £0,411 0..01251 29
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NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

QBN BN

Cmgq Run
a Veo qeo Mo | Re/ft f +Cm?2 0 Wd/2Veo No.
(deg) | (ft/sec) | (b/ft?) x107% | (cyc/sec) | (1/rad) (deg) (rad)
3.32 2263 424, 3 4.00 [ 3.5 11. 14 -6. 059 +1.03 0.01171 29
3.32 2263 423,17 4. 00 3.5 11. 14 -4,814 +0,910 | 0.01171 29
3,32 2263 423.5 4,00 | 3.5 11,20 -4,244 +0.930 | 0.01177 29
3.32 2263 423.5 4,00 | 3.5 11.20 -5.900 +0.742 | 0.01177 29
3,32 2263 493, 3 4,00 | 3.5 11.20 -7.016 £0.719 | 0.01177 29
-1, 71 2263 422, 6 4.00 | 3.5 11. 96 -3.607 +0.830 | 0.01257 29
-1.171 2263 422.5 4,00 | 8.5 11. 90 -3.291 +0.843 | 0,01251 29
-1.71 2263 422. 4 4,00 | 3.5 11. 93 -2.353 +0.648 | 0.01254 29
-1.71 2263 422. 6 4,00 | 3.5 12. 00 -3.232 +0.628 | 0.01261 29
-3.39 2263 421, 6 4,00 | 3.5 11.26 -10. 437 £0.843 | 0,01183 29
-3.39 2263 4220 4,00 | 3.5 11. 30 -10. 583 +0,622 | 0.01188 29
-3.39 2263 422. 0 4.00 | 3.5 11. 30 -10. 595 +0.624 | 0.01188 29
-3.39 2263 422.0 4,00 | 3.5 12.20 +14. 087 +1.710 | 0.00987 29
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